ABSTRACT Xanthommatin is the primary ommochrome eye pigment in mosquitoes. The terminal step in xanthommatin biosynthesis, involving oxidation of 3-hydroxykynurenine (3HK), can proceed enzymatically by phenoxazinone synthase or by nonenzymatic auto-oxidation of 3HK. The relative contributions of these pathways, however, are unclear. We isolated a novel Culex pipiens mutant (crimson) that could be used to address this question. Homozygous crimson embryos exhibit no visible eyespot; Þrst-instar larval ocelli are colorless. Eyes gradually turn red through immature development. Teneral crimson adults possess red eyes that darken to wild-type Ϸ5 d after emergence. Crosses indicate that crimson is sex-linked and fully recessive. Addition of xanthommatin precursors to rearing water did not rescue wild-type phenotype and suggested that the mutation is in the terminal step of ommochrome biosynthesis. Crimson expression was not temperature sensitive. Thin-layer chromatography demonstrated teneral crimson adults lacked xanthommatin. Teneral and aged wild-type adults exhibited low-mobility black ommochrome spots; aged crimson adults exhibited low-mobility brown-red ommochrome spots. Absorbance spectroscopy of eye extracts indicated teneral adult crimson eyes lacked xanthommatin but had abnormally high levels of 3HK, whereas extracts of 10-d-old crimson adults had depleted levels of 3HK and detectable levels of xanthommatin. Light microscopy indicated that eyes of young (3 d old) wild-type adults had a high concentration of pigment granules. Eyes of teneral crimson adults had no pigment granules. Eyes of 20-d-old crimson adults had low levels of pigment granules. We suggest two possible mechanisms for the crimson mutation: (1) transport of 3HK into the pigment cells and/or pigment granules is slow, with normal oxidation of 3HK into xanthommatin, or (2) 3HK is transported normally into pigment cells/granules but is not immediately oxidized to xanthommatin, resulting in 3HK hyper-accumulation and slow nonenzymatic production of xanthommatin after adult emergence.
IN DIPTERANS, EYE COLOR IS primarily determined by the presence of pteridine and ommochrome screening pigments. Screening pigments are deposited in granules located in pigment cells that surround and isolate each individual ommatidium, which collectively, make up the insect compound eye (Summers et al. 1982) . There are many mutations that affect insect compound eye pigmentation, which fall into four general categories: (1) those that affect ommochrome biosynthesis, (2) those that affect pteridine biosynthesis, (3) those that affect transmembrane transport of eye pigments and/or pigment precursors, and (4) those that affect pigment granule formation.
In Drosophila, both pteridine and ommochrome pigments contribute to eye pigmentation, and many eye color mutants have been described (Sarkar and Collins 2000) . Although pteridine pigments may be present in mosquitoes (Bhalla 1968 , Clements 1992 ), they do not seem to contribute to eye color, which is determined solely by ommochrome pigments (Clements 1992 , Beard et al. 1995 . The primary ommochrome pigments found in mosquitoes are xanthommatin and its derivative dihydroxanthommatin (Sarkar and Collins 2000) . These two ommochromes are inter-convertible depending on their oxidation state; differences in the ration of these two forms can affect mosquito eye color in Anopheles (Beard et al. 1995) .
The ommochrome biosynthesis pathway is relatively well understood ( Fig. 1) , except for the terminal step involving oxidation of 3-hydroxykynurenine (3HK) to xanthommatin (Beard et al. 1995) . In Drosophila, this step is putatively catalyzed by the enzyme phenoxazinone synthase (Yamamoto et al. 1976 ), but can also occur by nonenzymatic auto-oxidation of 3HK (Wiley and Forrest 1981) . The relative contribution of the enzymatic versus nonenzymatic pathway for ommochrome production is unclear at this point. There is some evidence to suggest that ommo-chrome biosynthesis in mosquitoes (Aedes aegypti) is caused solely by nonenzymatic auto-oxidation of 3HK (Li et al. 1999 ).
There are many described mutants of Cx. pipiens mosquitoes, including several eye color mutations (Laven 1967) . The most carefully studied of these are red eye and ruby eye. Red eye is presumably caused by lower levels of ommochromes present in the pigment cells, whereas the ommochromes of ruby eye are chemically distinct from those found in the wild-type (Dennhofer 1971 , Clements 1992 . Comparative studies of Culex mutants are hampered by the fact that most or all of these strains have been lost. In this research, we describe the isolation and characterization of a novel Cx. pipiens eye color mutation, crimson. SpeciÞcally, we (1) investigated the genetics and inheritance of the mutation; (2) pinpointed the location of the mutation in the xanthommatin biosynthesis pathway; (3) investigated pigment synthesis by thinlayer chromatography (TLC) and absorbance spectroscopy; and (4) evaluated pigment granule formation and deposition by light microscopy. Several hypothetical models for the putative mechanism of the mutation are discussed.
Materials and Methods
Colony Maintenance. Mosquito colonies were reared at 27Ð29ЊC, 80 Ð90% RH on a 16:8 h light:dark cycle in 30-cm cubic cages that were held in an environmental chamber. Larvae were fed a 1:2:2 mix of ground Þsh food, rabbit pellets, and bovine liver powder. Adult mosquitoes were allowed access to a cotton wick soaked in 10% sucrose solution as a carbohydrate source. To obtain eggs, adult mosquitoes were fed once a week on a 2-wk-old chicken that was lightly restrained in a nylon stocking.
Mosquito strains. We isolated and characterized the crimson mutant from a Culex pipiens laboratory colony that originated as a single larval collection from Lincoln, CA (Placer Co.) in May 1999. Mosquitoes and their descendants from the original collection were maintained for several generations before being split into several subcolonies for an unrelated experiment. The crimson mutant was isolated at low frequency from all subcolonies, indicating that the original mutation was either in the original collection or occurred early in the colonization process. By isolating mutant individuals over several generations, we were able to establish a homozygous mutant strain. To create a more robust strain, crimson (Lincoln) males were outcrossed to females from a BakersÞeld, CA, colony, and a homozygous strain was developed (CLB). The wildtype strain used in this study (CPS) was originally collected as larvae from Redding, CA (Shasta Co.), in June 2000.
Crimson Eye Color Morphology. The eye color of crimson individuals was evaluated at each life stage from embryo to adult. Head squash color was evaluated by placing heads of the appropriate phenotype (teneral wild-type, teneral crimson, 10-d-old wild-type and 10-d-old crimson) on a piece of Þlter paper, covering them with a piece of glassine weighing paper, and squashing them with a rubber mallet (Beard et al. 1995) .
Genetic Crosses and Inheritance. All test crosses were carried out in 3.8-liter plastic bucket cages. For each cross, the sex of mosquitoes was determined when they were pupae, and 50 pupae of each sex were placed in a single cage. Adults were provided with a cotton pad soaked in 10% sucrose as a carbohydrate source. Mosquitoes were allowed to mate for 5 d and were provided with a restrained chick to feed on as a blood source. A cup Þlled with strained larval water was placed in each cage as an oviposition source after bloodfeeding. Individual egg rafts were isolated and placed in a rearing pan with food. Mosquitoes were scored for sex and phenotype in the pupal stage. Data were analyzed by 2 analysis for expected phenotypic frequencies and a 1:1 sex ratio. 
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Biochemistry. The location of mutations in the ommochrome biosynthetic pathway can be pinpointed by addition of pigment precursors to larval rearing water (Cornel et al. 1997 ). First-instar crimson larvae were reared in 0.5-mg/ml solutions of kynurenine and 3HK (Sigma, St. Louis, MO). Because of high mortality, the 3HK treatment was repeated with a 0.1-mg/ml rearing solution. For each treatment, 50 larvae were placed in a 50-ml beaker Þlled with the appropriate solution and larval food. Each beaker/treatment was replicated three times. Eyes were scored for crimson or black color under a dissecting microscope in the pupal stage.
Crimson Temperature Sensitivity. To determine the effect of rearing temperature on the crimson phenotype, crimson larvae were reared at 15ЊC as described above.
TLC. Although two-dimensional TLC has been used to separate pteridine and ommochrome pigments and pigment precursors from Drosophila (Wilson and Jacobson 1977) and Anopheles (Beard et al. 1995) , we found one-dimensional TLC to be a rapid and appropriate method to separate these compounds in Cx. pipiens. TLC was conducted on eye pigment extracts using cellulose plates (Fisher, Pittsburgh, PA). The solvent was a 1:1 mixture of isopropanol/2.5% NH 4 Oac. TLC was conducted on teneral and 10-d-old wild-type and crimson mosquitoes. For pigment extracts, 10 heads of the appropriate phenotype were ground in 20 l of phosphate buffer, vortexed, sonicated for 2 min, and centrifuged at 15,000 ϫ g for 5 min at 4ЊC. Two microliters of the supernatant was blotted onto the TLC plate. Mosquito TLC proÞles were compared with simultaneously examined 3HK and xanthurenic acid (Sigma) standards. All chromatograms were replicated Þve times.
Absorbance Spectroscopy of Mosquito Eye Pigments. Spectroscopic proÞles for eye pigment extracts were compared for teneral and 10-d-old crimson adults by a modiÞcation of the protocol described by Li et al. (1999) . For each group, 30 adult heads were dissected, placed in a 1.5-ml microcentrifuge tube, and ground in 0.7 ml phosphate buffer (pH 6.5). Samples were vortexed for 30 s, sonicated for 2 min, and centrifuged at 4ЊC for 5 min; 0.6 ml of the supernatant was placed in a new tube and combined with 0.4 ml phosphate buffer. The absorbance spectrum of the supernatant (200 Ð900 nm) was analyzed on a Cary 100 Bio spectrophotometer (Varian, Palo Alto, CA) using quartz cuvettes. ProÞles were compared with 3HK standards (Sigma).
Light Microscopy. Tissue Þxation was conducted by a modiÞcation of the protocol described by Mullins et al. (1999) . Primary Þxation of wild-type (3 d old), teneral crimson, and 20-d-old crimson heads was conducted by placing heads overnight in 100 mM HEPES with 2% glutaraldehyde and 3% sucrose. The next day, heads were secondarily Þxed for 3 h in 2% OsO 4 in phosphate buffer. Heads were rinsed in phosphate buffer, dehydrated in a graded ethanol series, and inÞltrated overnight in a 1:1 mix of propylene oxide: Spurr resin. Heads were placed in three changes of 100% Spurr resin for 2 h each, placed in fresh Spurr, and embedded by polymerization at 70ЊC overnight. Tissues were cut into 1.0-m sections using a Leica Ultra-Cut automated ultramicrotome (Leica, Bannanbock, IL). Unstained sections were viewed and photographed on a Nikon Microphot-SA compound microscope (Nikon, Kanagawa, Japan).
Results
Eye Color Morphology. Eye color morphology of crimson individuals was examined from embryo to adult. The crimson mutation is Þrst observable in the developing embryo. Wild-type embryos exhibited a visible red eye-spot after Ϸ24 h of development and had black eyes throughout larval, pupal, and adult stages. Wild-type eye color did not change during the adult lifetime. Crimson embryos lacked a visible eyespot. First-instar crimson larvae had colorless eyes ( Fig. 2A) . Larval eyes began to turn yellow during the second instar and became orange to red in the third and fourth instars (Fig. 2B) . Early pupae had light red eyes (Fig. 3A) , which darkened to bright crimson in the late pupal stage. Teneral adults had bright crimson (Fig. 3B) , which darkened and approached wildtype Ϸ5 d after emergence. Head squashes of wild-type adults were a dark black spot. There was no difference in head squash appearance between teneral and aged wild-types. Teneral crimson adults had bright red eyes that presented as yellow-colored spots when squashed. Aged crimson adults exhibited a red-brown spot when squashed. While aged crimson adults could not be reliably distinguished from wild-type based on the appearance of intact eyes, they were easily distinguishable by the head-squash method (Fig. 4) .
Genetic Crosses and Inheritance. In some cases, crosses showed signiÞcant deviation from frequencies expected from a sex-linked recessive trait because of a signiÞcantly male-biased sex ratio. Later experiments showed that this bias in sex ratio was caused by elevated mortality of crimson females during rearing (J. L. R., unpublished data). We therefore excluded families exhibiting signiÞcantly male-biased sex ratios from the analysis.
In cross 1, there were fewer crimson mosquitoes than expected, which was likely because of differential mortality of crimson females during rearing. All other crosses did not deviate from expected frequencies. Sex linkage of the mutation was demonstrated in crosses 1, 2, 4, and 5. Several crosses demonstrated that recombination between crimson and the sex locus can occur (2, 4, and 5). Cross 2 in particular demonstrated over 3.5% recombination (Table 1) . There was signiÞcant variation in crossover rates between crosses, which makes estimation of the genetic distance between the sex locus and crimson difÞcult.
Biochemistry. Rearing crimson larvae in solutions of kynurenine and 3HK did not result in rescue of wildtype eye color. Eye color phenotype of developing larvae and that of subsequently emergent adults were identical to that of crimson larvae reared in water without pigment precursors. Because the addition of 3HK would bypass all pathway mutations except the terminal step, these data indicate that the genetic block on xanthommatin production is in the terminal step of the biosynthesis pathway (Fig. 1) .
Crimson Temperature Sensitivity. Rearing crimson larvae at 15ЊC resulted in identical immature and adult morphology compared with crimson larvae reared at warmer temperatures (27Ð29ЊC). Decreasing temperature, however, resulted in an expected protraction of development time from Þrst instar to pupation from 8 d at 27Ð29ЊC to Ϸ17 d at 15ЊC.
TLC. Wild-type Culex pipiens head extract chromatograms exhibited a nonßuorescent ommochrome spot that had low mobility in the solvent. There was a ßuorescent yellow spot that co-migrated with the 3HK standard (r f ϭ 0.46). There was also a ßuorescent blue spot that co-migrated with the xanthurenic acid standard (r f ϭ 0.65). Chromatograms of teneral and aged wild-type mosquitoes were similar. Teneral crimson head extract chromatograms displayed no visible ommochrome spot but exhibited both the xanthurenic acid and 3HK spots at levels that were qualitatively greater that those displayed by wild-type. Aged crimson head extract chromatograms exhibited a reddishbrown nonßuorescent ommochrome spot of low mobility and displayed both the xanthurenic acid and 3HK spots at levels approximately intermediate between wild-type and teneral crimson.
Absorbance Spectroscopy. Absorbance spectroscopy of 3HK standards exhibited a peak at Ϸ360 nm (Fig. 5A) . Spectroscopy proÞles of head extracts from teneral (Ͻ12 h) crimson mosquitoes exhibited a similar peak at 360 nm (Fig. 5B) , consistent with a large amount of 3HK in the sample. In comparison, head extract proÞles from aged crimson mosquitoes (10 d old) exhibited a peak-shift toward 450 nm (Fig. 5C ). Absorbance at 450 nm is indicative of the presence of xanthommatin (Li et al. 1999) . ProÞles were similar between sexes (data not shown).
Light Microscopy. Micrographs of cross-sections from the eyes of 3-d-old wild-type mosquitoes contained a heavy concentration of pigment granules in the pigment cells (Fig. 6A) . In contrast, micrographs prepared from teneral crimson adults lacked visible pigment granules (Fig. 6B) . Aged crimson adults did have visible pigment granules, but granule density was lower than in wild-type (Fig. 6C ).
Discussion
Addition of xanthommatin precursors to larval rearing water did not result in rescue of wild-type phenotype in crimson mosquitoes, which indicates that the terminal step of xanthommatin biosynthesis (3HK oxidation) is blocked. The TLC and absorbance spectroscopy data support this hypothesis and lead to the conclusion that the blockage resulted in abnormally high levels of 3HK and xanthurenic acid. Hyper-accumulation of 3HK was previously reported for numerous xanthommatin-deÞcient mutants of D. melanogaster, including karmoisin (kar) and rosy (ry) (Howells et al. 1977) . In crimson, the block may be caused by a mutation in the in the enzyme responsible for conversion of 3HK into xanthommatin or in the gene responsible for transport of 3HK into the pigment cells. Light microscopy results demonstrate that pigment granules are formed as crimson adults age, indicating that 3HK is indeed transported into the pigment cells, and thus, a mutation in the transport machinery would be one that slows down the transmembrane transport of 3HK. Cloning of the Drosophila phenoxazinone synthase gene and subsequent transient expression experiments (Cornel et al. 1997) will help conÞrm whether the crimson phenotype is caused by a transport or biosynthetic pathway mutation.
Pteridine pigments can result in red eye color in Drosophila but do not contribute to eye color in mosquitoes (Sarkar and Collins 2000) . The red color of teneral crimson mosquitoes is likely caused by the presence of large amounts of 3HK in the eyes and the light refraction properties of the ommitidia. The yellow color of 3HK is apparent when teneral crimson heads are squashed. Differences in the color of the ommochrome spot in eye extract blots and head squashes between wild-type and aged crimson adults (black versus red-brown) may be because of differing ratios of xanthommatin and its derivative dihydroxanthommatin, which may reßect differences in the redox environment of wild-type versus crimson eyes. For example, the red-eye mutation in Anopheles gambiae is hypothesized to be caused by differing ratios of these two ommochromes because of differences in the oxidation state of the pigment granules, caused by an unknown effect (Beard et al. 1995) . It is also possible that the color difference simply reßects the quantity of xanthommatin present in the pigment cells.
It is possible that crimson is allelic to the described Cx. pipiens red-eye mutant because of sex linkage and similarities in adult morphology. However, the immature morphology of crimson is quite different from red eye. In red eye, the mutation is evident from the embryo stage (faded orange eye spots compared with red eye spots of wild-type), and larvae of all stages have red eyes (Wild 1963 , Laven 1967 , Barr 1975 .
Crimson embryos have no eye spot, and the eyes of Þrst-instar larvae are colorless. Eyes begin to turn red by the third larval instar, after which the morphology of crimson is similar to red eye. We were unable to locate an extant stock of the red eye Cx. pipiens mutant and were thus unable to perform crossing experiments to test whether red eye and crimson are allelic. To address this issue in future studies, the red eye mutant could be regenerated by chemical or radio mutagenesis (Wendell et al. 2000) .
In addition to increasing our understanding of eye pigment biosynthesis in mosquitoes, the crimson mutation may have applied use. There has been recent interest in using genetic modiÞcation of mosquitoes to control vector-borne diseases (Beaty 2000) . The green ßuorescent protein (GFP) has been shown to be an excellent visible marker for transgenesis studies in many insects (Higgs and Lewis 2000) . GFP has certain advantages for transgenesis studies including expression in a wide range of organisms, visible ßuorescence from single insertions, and a small coding region (714 bp) (Higgs and Lewis 2000) . However, there are also problems associated with it including the use of UV light for detection that might damage live specimens, confusion of auto-ßuorescence with GFP expression, and possible Þtness effects that may affect the survival or fecundity of transformed insects (Higgs and Lewis 2000) . Eye color mutations have historically been invaluable as selectable markers for transformation in many insect systems (Sarkar and Collins 2000) . Cx. pipiens quinquefasciatus was recently transformed with the Hermes transposable element (Allen et al. 2001) . Because of the lack of available eye color mutants in Culex mosquitoes, GFP was used as a transformation marker. Once characterized at the molecular level and Þtness studies of the mutation have been carried out, crimson may serve as an endogenous marker for transformation studies in Culex.
